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A B S T R A C T
Farm systems were re-designed together with farmers during three years (2013–2015) in Southern Mali with the
aim to improve income without compromising food self-suﬃciency. A cyclical learning model with three steps
was used: Step 1 was the co-design of a set of crop/livestock technical options, Step 2 the on-farm testing and
appraisal of these options and Step 3 a participatory ex-ante analysis of re-designed farm systems incorporating
the tested options. Two iterations of the cycle were performed, in order to incorporate farmers’ point of view and
researchers’ learning. We worked together with 132 farmers representing four farm types: High Resource
Endowed with Large Herd (HRE-LH); High Resource Endowed (HRE); Medium Resource Endowed (MRE) and
Low Resource Endowed (LRE) farms. In the ﬁrst cycle of 2012–2014 farmers re-designed their farms and the
reconﬁgurations were assessed ex ante using the average yields and gross margins obtained in the 2013 on-farm
trials. HRE-LH farmers experienced a disappointing decrease in food self-suﬃciency and MRE farmers were
disappointed by the marginal improvement in gross margin. In a second cycle in 2014–2015, farmer insights
gathered during ﬁeld days and statistical analysis of trial results allowed a better understanding of the variability
of option performance and the link with farm context: niches were identiﬁed within the farms (soil type/pre-
vious crop combinations) where options performed better. The farm systems were re-designed using this niche-
speciﬁc information on yield and gross margin, which solved the concerns voiced by farmers during the ﬁrst
cycle. Without compromising food self-suﬃciency, maize/cowpea intercropping in the right niche combined
with stall feeding increased HRE-LH and HRE farm gross margin by 20–26% respectively (i.e. 690 and 545 US$
year−1) with respect to the current farm system. Replacement of sorghum by soyabean (or cowpea) increased
MRE and LRE farm gross margin by 29 and 9% respectively (i.e. 545 and 32 US$ year−1). Farmers highlighted
the saliency of the niches and the re-designed farm system, and indicated that the extra income could be re-
invested in the farm. Our study demonstrates the feasibility and the usefulness of a cyclical and adaptive
combination of participatory approaches, on-farm trials and ex-ante analysis to foster learning by farmers and
researchers, allowing an agile reorientation of project actions and the generation of innovative farm systems that
improve farm income without compromising food self-suﬃciency. The re-designed farm systems based on
simple, reproducible guidelines such as farm type, previous crop and soil type can be scaled-out by extension
workers and guide priority setting in (agricultural) policies and institutional development.
1. Introduction
Farming system design can help to generate innovative farm sys-
tems to overcome the constraints faced by farmers, increase farm pro-
ductivity and proﬁtability, and improve households’ livelihoods.
Farming system design employs qualitative and quantitative ap-
proaches to support the analysis of current farm systems and the design
and evaluation of alternatives (Le Gal et al., 2011; Martin et al., 2012).
Farm systems are highly heterogeneous in terms of resource endow-
ment, soil types, cropping and livestock systems, and livelihood
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strategies (Giller et al., 2011). This implies the need to tailor innova-
tions to the context of the farm (Descheemaeker et al., 2016b). Tai-
loring innovations can be facilitated ﬁrstly by farm typologies, which
are a useful tool to consider heterogeneity of resource endowment and/
or production objectives (Chopin et al., 2014; Senthilkumar et al., 2012;
Tittonell et al., 2010). Secondly, strong farmers’ participation in the
design process may enhance the relevance of the innovations for spe-
ciﬁc farmer contexts (Schaap et al., 2013). While participatory research
mainly generates qualitative insights (Dorward et al., 2003; Van Asten
et al., 2009), Participatory Learning and Action Research (PLAR) was
proposed to combine qualitative and quantitative insights (Defoer,
2002). In PLAR, qualitative participatory research provides information
that strengthens quantitative assessments, e.g. resource ﬂow maps
drawn by farmers to derive and calculate nutrient balances. Similarly,
Martin et al. (2012) employed a game board to redesign livestock
systems in France. In this approach, inputs from farmers playing the
game were used to calculate indicators (e.g. satisfaction of animal
needs) with the help of a computerized support system. Conversely,
Paassen et al. (2011) showed that quantitative outputs of multiple goal
linear programming models, if presented using concepts and symbols
familiar to farmers, enhanced communication between farmers, farm
advisors and researchers leading to relevant farm-speciﬁc solutions. In
other studies, outputs from simple models (static simulation of annual
farm stocks and ﬂows), representing farmers’ reality and concerns were
an appropriate discussion support to jointly generate alternative farm
systems (Sempore et al., 2015; Andrieu et al., 2015).
The approach of combining ex-ante trade-oﬀ analysis and on-farm
trials in iterative learning cycles with farmers has been conceptualised
in the Describe Explain Explore Design (DEED) cycle (Descheemaeker
et al., 2016b; Giller et al., 2011). Where DEED was applied previously,
it produced useful insights to re-design farm systems: e.g. strategies to
restore soil fertility led to improved crop and cattle productivity at
village scale (Ruﬁno et al., 2011), land allocation to fodder and use of
an improved cattle breed resulted in improved farm recycling eﬃciency
(Tittonell et al., 2009). However, most existing studies applied only one
DEED cycle. Having a second cycle allows to incorporate the learning
from the ﬁrst cycle, but there is little insight into how methods and
solutions can be adapted dynamically using scientiﬁc results and
farmers’ appraisals (a useful exception is Dogliotti et al. (2014)). Fur-
thermore, modelling outputs have seldom been coupled to real on-farm
testing, although farmers were usually willing to test the diﬀerent
technical alternatives (urea treatment of straw, compost pits) in their
farms (Andrieu et al., 2012). Finally, though the empowerment of sta-
keholders during the participatory process is widely acknowledged (de
Jager et al., 2009; Defoer, 2002; Hellin et al., 2008; Sterk et al., 2007),
there is little empirical evidence that a participatory approach can in-
crease the scaling-out potential of the research outputs (Sumberg et al.,
2003).
Land shortage, climate variability and climate change
(Descheemaeker et al., 2016a), unreliable institutional support (e.g.
fertiliser subsidy) for crop production (Ebanyat et al., 2010), decreasing
fodder availability for livestock, weak access to output markets for li-
vestock products, and poor price setting power for cereals and livestock
(Kaminski et al., 2013) are common challenges for smallholders across
sub-Saharan Africa. Also the farmers in southern Mali face these con-
straints (Autfray et al., 2012; Coulibaly et al., 2015; Traore et al., 2013).
Technical alternatives at ﬁeld/cow scale (e.g. diversiﬁcation with le-
gumes, stall feeding of cows) can help farmers to cope with the chal-
lenging characteristics of their environment. These alternatives can be
tested in on-farm trials. Strategic/tactical decisions (Le Gal et al., 2010)
like changing ﬁeld area per crop, producing a new type of fodder and/
or changing the feeding strategy of cows need to be addressed at farm
scale. Given the risk involved, this is often done with ex-ante analysis
(Whitbread et al., 2010). Such major changes made at farm level can be
referred to as “innovative farm systems” (Le Gal et al., 2011). In
southern Mali, achieving food self-suﬃciency and improving farm
income are farmers’ main objectives (Bosma et al., 1999). An assess-
ment of the performance of the innovations is thus needed, using re-
levant indicators like yield, gross margin and Cost:Beneﬁt for technical
alternatives and food self-suﬃciency and income for innovative farm
systems.
The objectives of this study were to (i) design innovative farm
systems that improve farm income without compromising food self-
suﬃciency in the cotton area of southern Mali, (ii) implement the DEED
cycle twice with emphasis on on-farm testing of technical alternatives,
ex-ante impact assessment through modelling, and incorporation of
farmers’ and researchers’ learning, (iii) illustrate the feasibility and
usefulness of such an approach through its ability to generate salient
farm systems for farmers and practical scaling-out guidelines for ex-
tension workers. In what follows, we start by describing the diﬀerent
steps and their adaptation during the learning cycles. The second sec-
tion presents the assessment of the agro-economic performance of the
tested innovations and an analysis of farmers’ and researchers’ learning
during the cycles. The last section discusses (i) adaptation of the re-
search methods as a key feature of this farming system design approach,
(ii) the strength of the guidelines generated, (iii) the opportunities for
scaling out and (iv) the broader changes needed to trigger large-scale
adoption of the innovative designs.
2. Methods
2.1. Study area and farm characteristics
The study area is located in Koutiala district in the cotton zone of
southern Mali where population densities reach 70 people km−2
(Soumaré et al., 2008). The uni-modal rainy season starts in May and
ends in October, with total annual rainfall ranging from 500 to
1200 mm. Farmers grow maize, sorghum and millet for food con-
sumption and cotton and groundnut to generate income. Livestock
provide draught power, milk, meat, manure, and a buﬀer against risk
(Kanté, 2001). Farming is the major livelihood strategy, with achieving
food self-suﬃciency the farmers' main objective (Bosma et al., 1999)
and cash-oriented non-farm activities providing a small (12%) but im-
portant share of the income per capita (Losch et al., 2012). A typology
based on farm resource endowment (household size, number of
workers, total cropped land, number of draft tools and herd size ex-
pressed in TLU, i.e. a Tropical Livestock Unit of 250 kg) distinguished
four farm types in the Koutiala district: (1) High Resource Endowed
Farms with Large Herds (HRE-LH) (on average 28 workers cultivating
17 ha with 4 draught tools and a herd of 46 TLU), (2) High Resource
Endowed (HRE) farms (on average 18 workers cultivating 12 ha, with 4
draught tools and a herd of 8 TLU), (3) Medium Resource Endowed
(MRE) farms (on average 7 workers cultivating 8 ha with 5 draught
tools and a herd of 6 TLU) and (4) Low Resource Endowed (LRE) farms
(on average 5 workers cultivating 3 ha with 1 draught tool and a herd of
2 TLU) (Falconnier et al., 2015).
Farmers participating in this research originated from nine neigh-
bouring villages of the Koutiala district: M’Peresso, Nitabougouro,
Nampossela, Finkoloni, Try, Koumbri, Karangasso, N’Goukan and Kani.
In total, 132 farmers participated in this study (from 12 to 16 per vil-
lage). The share of HRE-LH, HRE, MRE and LRE farms among the
participating farmers was close to the average share in the villages of
the Koutiala region (Falconnier et al., 2015), i.e. 22, 44, 24 and 11%
respectively. Scientiﬁc activities were carried out by researchers from
three research institutes, the International Crops Research Institutes for
the Semi-Arid Tropics (ICRISAT), Institut d’Economie Rurale (IER) and
Wageningen University, while interactions between farmers and re-
searchers were facilitated by people belonging to a Malian NGO, the
Association Malienne pour l’Eveil au Développement Durable
(AMEDD). During the group discussions, the facilitators helped to
create an inclusive environment, encouraged participants to share their
ideas and kept discussions on track.
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During the design process farmers and researchers interacted most
intensively in M’Peresso, Nitabougouro and Nampossela, further re-
ferred to as the three “core villages”. In 2013, farm characteristics, i.e.
size of the household, cropping patterns per soil type, livestock herd
size and composition were recorded for 35 participating farms in the
three core villages.
2.2. Series of steps and cycles in the design process
The design process consisted of three steps: Step 1. Design of a set of
technical options (at ﬁeld/cow scale) based on farmers’ constraints and
opportunities; Step 2. On-farm testing and appraisal of options; and
Step 3. Ex ante trade-oﬀ analysis of re-designed farm systems. Step 2
and Step 3 together formed one cycle, which was carried out twice.
Each step provided inputs and insights to the other (Fig. 1). In
2013–2014, Step 1 was followed by a ﬁrst cycle (T1) of Step 2 and Step
3. In 2014–2015, in order to incorporate insights from T1, a second
cycle (T2) of Step 2 and Step 3 was carried out (Fig. 1).
Step 1 corresponds to the Describe phase of the DEED cycle, Step 2
encompasses Describe and Explain components, while Step 3 en-
compasses Explore and Design components of the DEED cycle. In Fig. 1
we refer to tables and ﬁgures that illustrate and explain each step and
sub-step. Tables and ﬁgures that are not essential to the understanding
of the paper are not mentioned in the text of the paper and are put in
supplementary material as background and resource for readers who
are interested to repeat this exercise. Below we describe the steps and
cycles in detail.
2.3. Step 1: design of a set of options based on farmers’ constraints and
opportunities
One participatory rural appraisal (PRA) was held in each of the
three core villages, each involving 40–50 farmers invited over three
days (no selection criteria). Farmers were asked to collectively list (i)
the constraints to crop growing for food self-suﬃciency and income
generation, and to livestock rearing and (ii) the opportunities to solve
these constraints. Based on the opportunities identiﬁed during the PRA,
a range of options for farm performance improvement was discussed.
The budget and the particular skills and expertise of the partners of this
project logically limited the scope of what could be tested. Hence, in
planning workshops, researchers and farmers jointly decided which
options could be tested. Among the opportunities mentioned by
farmers, technical opportunities rather than organisational issues (e.g.
access to credit) were selected, and opportunities for which farmers had
received little training so far from development actors, were prioritized.
Farmers indicated the improved varieties they wanted to test (e.g.
maize and sorghum hybrids) and after discussion with researchers the
diﬀerent management practices to consider (fertilisation or not, inter-
cropping patterns) were deﬁned.
2.4. Step 2: on-farm testing and appraisal of farm improvement options
2.4.1. General description of step 2
Step 2 consisted of: i) the testing of options by farmers, ii) a farmer
ﬁeld day during the crop growing season, iii) the scientiﬁc analysis of
trial results, and iv) a feedback session including farmers’ appraisal of
trial results (Fig. 1). Farmers of the nine participating villages tested
crop options in 2013 and 2014. Farmers volunteered to get involved in
the trials, with a limit of maximum 16 farmers per village and at least
one farmer from each farm type. A total of 372 on-farm trials was
conducted in farmers’ ﬁelds across the nine villages during the whole
process. Each farmer could choose to implement one or more trials each
year. A crop trial was a combination of four treatments, i.e. the current
cropping practice as a control, a ﬁrst option, a second option and the
Fig. 1. The three steps taken in the design of innovative farm systems. T1 and T2 refer to the ﬁrst and second cycle in which Step 2 and Step 3 were conducted. The tables and ﬁgures that
illustrate the diﬀerent steps are mentioned in parenthesis.
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combination of the two options. The trials contained all the diﬀerent
crop options designed by researchers and farmers and there were seven
diﬀerent crop trials: maize, sorghum, groundnut, cowpea, soyabean,
maize/cowpea intercropping and sorghum/cowpea intercropping
(Table 1). A more detailed description of the crop trials’ setup and
treatments can be found in Falconnier et al. (2016). Farmers planted
and managed the trials with the help and monitoring of a ﬁeld agent.
Inputs (seeds of local and improved varieties, fertilizer, inoculum) and
ﬁnancial support to participate to workshops were provided by the
project. The livestock trial was executed during the 2014 dry hot season
with one to ﬁve cows per farm receiving diﬀerent feeding strategies
based on De Ridder et al. (2015), namely (i) the farmer practice
(grazing of common grassland and residue grazing of cropland), (ii) a
supplemented diet (as current farmer practice with extra 1 kg cowpea
hay day−1 and 1.5 kg cotton seed cake day−1, and iii) animals kept in
the stall with 2.5 kg cowpea hay day−1, 2 kg cotton seed cake day−1
and 4 kg cereal residues day−1.
2.4.2. First cycle of step 2 (2013)
In total, 111 farmers of the nine participating villages tested the
crop options during the 2013 growing season. During a farmer ﬁeld day
in October 2013, 37 participating farmers from the three core villages
visited all trial types in their colleagues’ ﬁelds to familiarize with the
options not tested on their own farm. Discussions focused on the de-
scription of the treatments and the observed eﬀects. After harvest, gross
margin was calculated (assuming all products were sold) as the diﬀer-
ence between (i) grain production (and stover production for cowpea)
multiplied by the market price and (ii) the variable costs (e.g. seed,
fertiliser, inoculant). Output prices and input costs were obtained from
a market analysis carried out in 2013. Labour and manure produced on
farm were not included as costs. In April 2014, average yield and gross
margins of options were presented to the participating farmers during
workshops in each village. Posters with drawings symbolized the dif-
ferent options, their yield and gross margin in farmers’ units (e.g.
harvest in bags of grains). In the three core villages, 30 farmers eval-
uated the options by distributing 15 stones among the options they
appreciated most. Ten volunteer farmers from the core village tested
the livestock options during the dry season of 2014 with a total of 24
lactating cows. In May 2014, all participating farmers from the core
villages visited the livestock trials. The livestock trials were used as
demonstrations for farmers. For the ex-ante trade-oﬀ analysis, we used
the data from previously published livestock experiments with similar
treatments (see section 2.5.1).
Table 1
Current practices, diversiﬁcation and intensiﬁcation options identiﬁed based on farmers’ constraints and opportunities and tested in Koutiala district, Southern Mali in the period
2013–2014. Local names and cultivar names of crop varieties are indicated in quote and under brackets respectively.
Details Extra cost* (US$ ha−1)
Current cropping practices
Maize Local variety “Dembanyuma”+mineral fertiliser –
Local variety “Dembanyuma”+mineral fertiliser + manure –
Sorghum Local variety”Segetana” –
Groundnuta Local variety “Kampiani” –
Current livestock feeding practices during the dry hot season
Lactating cows Open grazing –
A) Intensiﬁcation of current crops
Maize Hybrid “Bondofa” (EV8444 SR × SR22a) + mineral fertiliser 95
Hybrid “Bondofa” (EV8444 SR × SR22a) + mineral fertiliser + manure 95
Intercropped with cowpea grain variety “Wulibali” (IT 90 K 372−1-2), additivea pattern 14
Intercropped with cowpea grain variety “Wulibali” (IT 90 K 372−1-2), substitutiveb pattern 8
Intercropped with cowpea fodder variety “Dounanfana” (PBL 112), additivea pattern 16
Intercropped with cowpea fodder variety “Dounanfana” (PBL 112), substitutiveb pattern 9
Sorghum Local variety “Segetana”+mineral fertiliser + manure 60
Hybrid “Pablo” (FambeA × Lata) 14
Hybrid “Pablo” (FambeA × Lata) + mineral fertiliser + manure 74
Intercropped with cowpea grain variety “Wulibali” (IT 90 K 372−1-2), additivea pattern 14
Intercropped with cowpea grain variety “Wulibali” (IT 90 K 372−1-2), substitutiveb pattern 9
Intercropped with cowpea fodder variety “Dounanfana” (PBL 112), additivea pattern 16
Intercropped with cowpea fodder variety “Dounanfana” (PBL 112), substitutiveb pattern 11
Groundnutc Improved variety (ICGV 86124b) 34
B) Diversiﬁcation crops without extra inputs
Cowpea Improved grain variety “Wulibali” (IT 90 K 372-1-2) –
Improved fodder variety “Dounanfana” (PBL 112) –
Soyabean Improved variety “Houla1” –
C) Intensiﬁcation of diversiﬁcation crops
Cowpea Improved grain variety “Wulibali” (IT 90 K 372-1-2) + P fertiliser 80
Improved fodder variety “Dounanfana” (PBL 112) + P fertiliser 80
Soyabean Improved variety “Houla1”+ (P fertiliser + manure) 80
Improved variety “Houla1”+ Inoculum 25
Improved variety “Houla1”+ (P fertiliser + manure) + Inoculum 105
D) Improved livestock feeding during dry hot season (March-June)
Lactating cows Supplemented 67
Stall fed 67
*Calculated as the diﬀerence between the input cost of the intensiﬁcation (or diversiﬁcation) practice and the corresponding current cropping practice; labour and manure produced on
farm were not included as costs.
a Cereal (maize or sorghum) sown with the same density as the sole crop (67 000 plants ha1) and cowpea was added every other row between cereal planting stations two weeks after
the cereal (giving a cowpea density of 33 500 plants ha1).
b One out of three rows of the cereal (maize or sorghum) replaced by cowpea, leading to a pattern of two rows of the cereal and one row of cowpea (giving a density of 45 000 and 22
000 plants ha1 for cereal and cowpea respectively).
c Tested only in 2014.
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2.4.3. Second cycle of step 2 (2014)
All participating farmers from the previous cycle and 21 additional
farmers (132 farmers in total) tested the crop options in the 2014
growing season. The ﬁeld day in September 2014 focused on under-
standing causes of yield variability. One visit to contrasting trials of the
same type (a trial with ‘poor’ crop performance and a trial with ‘good’
crop performance) was organised in each of six diﬀerent villages
(Nampossela, Nitabougouro, M’Peresso, Try, N’Goukan and
Karangasso) with a total of 108 participating farmers. In each trial, the
group of farmers collectively scored the control and the diﬀerent
treatments based on a visual estimate of the yield (1 = poor,
2 = medium, 3 = good, 4 = excellent) and gave reasons for this score.
During discussions in the ﬁeld, we recorded the factors mentioned by
farmers to explain the observed diﬀerences in control yield and treat-
ment eﬀect among contrasting trials. These factors are further referred
as “farmer-identiﬁed covariates”. In order to explain yield variability, a
statistical analysis was carried out on 2013 and 2014 data, using linear
mixed models with treatment, farmer-identiﬁed covariates and season
as ﬁxed factors and the trial as a blocking random factor. Treatments
included fertilisation, intercropping pattern, variety and inoculation
and farmer-identiﬁed covariates included soil type and previous crop in
the rotation (a detailed description of the analysis is given in Falconnier
et al. (2016)). For further analysis in Step 3, yields were averaged per
level of treatment/covariate (e.g. mineral fertilizer = no, soil
type = gravelly soil) in case of a signiﬁcant eﬀect and otherwise
averaged across the levels. Covariates were used to deﬁne niches (i.e.
particular biophysical conditions constituted by the combinations of
explanatory factors like soil type and previous crop) where options
yielded best results. Additionally, treatments with extra input compared
with farmer practice (e.g. inoculant, P fertiliser) were assessed based on
Beneﬁt:Cost ratio and risk. The Beneﬁt:Cost ratio was computed as the
diﬀerence in income between the treatment and the control divided by
the extra cost incurred (Table 1). A Beneﬁt:Cost ratio of at least two was
considered as a practical threshold for adoption (Bielders and Gérard,
2015). Risk was assessed as the likelihood of generating a proﬁt, i.e. a
Beneﬁt:Cost ratio higher than one, considering the variability across
trial locations (Bielders and Gérard, 2015; Ronner et al., 2016). Fol-
lowing Bielders and Gérard (2015), having more than 50% of the plots
with a Beneﬁt:Cost ratio lower than one was considered risky.
2.5. Step 3: Ex ante trade-oﬀ analysis of re-designed farm systems
2.5.1. General approach
Step 3 consisted of: i) a farm re-design exercise, ii) an ex ante trade-
oﬀ analysis of the re-designed farm systems focusing on the objectives
of food self-suﬃciency and income and iii) appraisal of the re-designed
farm systems by farmers (Fig. 1).
Input data for the ex-ante trade-oﬀ analysis included (i) farm char-
acteristics of 35 participating farms of the three core villages, i.e. the
size of the household, cropping patterns per soil type, and livestock
herd size and composition, (ii) the crop/livestock average productivity
and gross margins of current practices and tested options, obtained in
the on-farm trials (Table S1). For stall feeding of lactating cows, milk
production obtained during the dry hot season was extrapolated to the
whole year using results from year–round simulations of stall fed lac-
tating cows of de Ridder et al. (2015). In order to integrate crop/animal
level ﬁndings into a farm level analysis of gross margin and food self-
suﬃciency, a conceptual farm model with a household, cropland and
cattle herd component was developed and used for the ex-ante analysis
(Fig. 2). Crop rotation was included in the model, as it had to be able to
deal with diﬀerential crop responses depending on previous crop and
soil type. Cowpea fodder production was computed to determine the
percentage of cows that could be fed in the stall.
The trade-oﬀ analysis was performed for individual farms and dif-
ferent degrees of crop replacement using simple calculations. Two in-
dicators were computed for 0, 20, 40, 60, 80 and 100% replacement
and summarized per farm type: household food self-suﬃciency (i.e. the
ratio of on-farm cereal production over household cereals needs) and
farm gross margin (i.e. the sum of the gross margins from cash crops,
milk sales and cereal production above household needs). Farm gross
margin was chosen as the indicator of income. The equations and in-
termediary indicators are detailed in Table S2. In order to take into
account variation among the farm population (within a given farm
type) for which the ex-ante analysis was run, we considered that food
self-suﬃciency was not compromised as long as the average food self-
suﬃciency (of all the farms) minus the standard error remained above
the self-suﬃciency threshold of one. The maximum replacement per-
centage of a crop by another was determined as the maximum per-
centage for which food self-suﬃciency was not compromised. For each
farm type, the average farm gross margin increase was recorded for this
maximum rate of replacement.
We used the model and the ex-ante analysis as a tool to generate
information that could help in discussing improved farm management
with farmers. As farmers were not concerned with the uncertainty in
the yield estimates, a sensitivity analysis or detailed uncertainty ana-
lysis were not relevant.
2.5.2. First cycle of step 3 (2014)
During the 2014 dry season, we selected 11 farmers from the core
villages (among the 35 farms characterised in detail, see 2.5.1) who had
participated in the farmer ﬁeld day, the feedback session on crop trials
and the visit of livestock experiments. With each of these farmers, we
conducted an individual farm re-design exercise. Each farmer was asked
to imagine a reconﬁguration of his farm, i.e. an alternative cropland
allocation and/or livestock feeding strategy (considering the 2013
season as the baseline), by including some crop/livestock options he
had tested and/or seen during the farmer ﬁeld day and/or feedback
session. For the trade-oﬀ analysis we used the average yields and gross
margins obtained in the ﬁrst cycle of Step 2. For groundnut and cotton,
which were not included in the 2013 trials, we used average farmer-
estimated groundnut and average measured (by the Compagnie
Malienne pour le Développement des Textiles (CMDT)) cotton yields.
During these individual sessions, food self-suﬃciency and farm gross
margin for the baseline and for the re-designed farm system were cal-
culated and discussed with the farmer based on posters and pictures
(Fig. S1). The reconﬁgurations mentioned by the eleven farmers dif-
fered based on the option chosen, the crop replaced, and on whether
there was a change or not in livestock feeding strategy. The re-
conﬁgurations were grouped into four types, according to similarities in
the chosen re-design elements. Eventually, the trade-oﬀ analysis was
performed for the farms characterised in detail in 2013 using the ﬁrst
reconﬁguration type for HRE-LH (n = 5) and HRE farms (n = 9 farms
with lactating cows), the second reconﬁguration type for MRE farms
(n = 7), the third reconﬁguration type for LRE farms (n = 6) and the
fourth reconﬁguration type for all the farms.
2.5.3. Second cycle of step 3 (2015)
In 2015, calendars of oxen requirements for crop activities were
built to check the feasibility of the reconﬁguration types that were
based on cropland expansion. Insights in the causes of yield variability
and the niches generated during the second cycle of Step 2 were used to
reﬁne the four reconﬁguration types and the trade-oﬀ analysis was
repeated for the farms that had access to these niches. During collective
meetings in the core villages, household food self-suﬃciency and farm
gross margin and other intermediary indicators for the reconﬁgured
farms were discussed with all the 35 participating farmers using posters
(Fig. S1). A qualitative assessment of farmers’ opinions was based on
recorded answers to the open question “What do you think of the dif-
ferences between the baseline and the re-designed farm system?”.
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2.6. Analysis of farmers and researchers learning process
Farmers’ learning was evaluated by taking note of farmers’ reactions
and analysing their point of view during each step and activity, namely
(i) the collective events (ﬁeld days and workshops for the appraisal of
trial results in Step 2, appraisal of re-designed farm systems in Step 3)
and (ii) the individual farm re-design exercise in Step 3. The insights
gained by researchers when collecting farmers’ point of view were as-
sembled to analyse researchers’ learning. Eventually, an ex post analysis
of the methodological changes that occurred in the diﬀerent steps al-
lowed to deﬁne the project reorientations attributed to the learning in
the diﬀerent steps.
3. Results
3.1. Step 1: design of a set of options based on farmers’ constraints and
opportunities
The main constraints to crop production and livestock rearing cited
by farmers in all the three villages were lack of oxen, poor soil fertility,
animal feeding and animal diseases. Farmers mentioned declining crop
yields and gross margins, poor feeding and diseases as the causes for
lack of oxen. The ﬁnal list of options aimed at addressing farmers
concerns by increasing yield, farm gross margin and improving live-
stock feeding and included: (A) intensiﬁcation of current crops (maize,
sorghum and groundnut) with intercropping or the use of improved
varieties, mineral fertiliser and manure, (B) diversiﬁcation with im-
proved varieties of cowpea and soyabean without fertiliser, (C) di-
versiﬁcation with improved varieties of cowpea and soyabean with
mineral fertiliser, manure and rhizobial inoculation, and (D) improved
feeding of lactating cows during the dry hot season with cowpea hay to
increase milk production (Table 1). Options related to veterinary care
and vaccination that could address the constraint of animal diseases
were not included. Farmers’ current crops with current cropping prac-
tices and cows with current feeding strategy were added as a bench-
mark (Table 1).
3.2. First cycle
3.2.1. First cycle of step 2
Assessment of crop trial results showed a wide variation in yields
and associated gross margins, regardless of the option, with and
without intensiﬁcation (Fig. 3). For example, grain yield and gross
margin of local maize with mineral fertiliser ranged from 0 to
2600 kg ha−1 and from −130 to 340 US$ year−1 respectively, while
grain yield and gross margin of soyabean ranged from 0 to
1230 kg ha−1 and from −40 to 920 US$ year−1 respectively. These
results, combined with farmers’ point of view during the ﬁeld day,
helped researchers to realize that farmers were not so interested in
averages and relied on ﬁeld observations to draw their conclusions
(Table 2). This highlighted the need (i) to understand yield and gross
margin variability and its relation to farm context and (ii) to reﬁne the
focus of the ﬁeld days in the second cycle towards understanding
variability.
Farmers appreciated a large range of options, with some diﬀerences
among farm types (Table 2). All HRE-LH farmers and a quarter of HRE
farmers were positive about intercropping maize with the cowpea
fodder variety, mainly because of the production of high-quality fodder
for their cattle. The soyabean with no extra input was scored highly by
a third of the MRE farmers. These farmers indicated that soybean grain
could fetch a high price in the Koutiala market and could replace the
seeds of the “Nere” tree (Parkia biglobosa) to prepare the local condi-
ment “Sumbala”. The majority of LRE farmers appreciated the cowpea
grain variety with P fertiliser and highlighted that cowpea grain could
be harvested before other staple crops, thus providing food during the
“hunger” period. Sorghum/cowpea intercropping options, hybrid maize
without manure and soyabean with inoculum were not rated highly by
any farmer.
3.2.2. First cycle of step 3
During the individual farm re-design exercises, farmers who had
participated in the ﬁeld visit and feedback session proposed various
reconﬁgurations to re-design their farm system. These reconﬁgurations
were in line with farmers’ preferences of options (ﬁrst cycle of Step 2).
All HRE-LH farmers and one HRE farmer were interested in intercrop-
ping maize with cowpea (from 30 to 100% of the maize area) combined
Fig. 2. Conceptual farm model with three components (household, cropped land and cattle herd) used to explore alternative cropped land allocation and livestock feeding strategies.
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with stall feeding of 17–50% of the lactating cows (Reconﬁguration
type 1). MRE farmers re-designed their farm system by replacing 20% of
sorghum by soyabean (Reconﬁguration type 2). One LRE farmer chose
to replace 10% of sorghum by the cowpea grain variety
(Reconﬁguration type 3). Two HRE farmers and one LRE farmer con-
sidered expanding their cropland (by 10–40%) with the cowpea fodder
and/or grain variety (Reconﬁguration type 4). The ex-ante trade-oﬀ
analysis showed diﬀerent outcomes for each farm type. Without com-
promising food self-suﬃciency, (i) HRE-LH could intercrop 80% of
maize with cowpea, allowing to feed 74% of lactating cows in the stall
and leading to a 12% increase in farm gross margin (i.e. a 236 US$
year−1 absolute increase), (ii) MRE farms could replace 60% of sor-
ghum by soyabean leading to a 18% increase in farm gross margin (i.e.
a 184 US$ year−1 absolute increase). Due to the strong maize yield
penalty related to intercropping, HRE farms could not intercrop maize
with cowpea without compromising food self-suﬃciency. Because of
their small initial level of food self-suﬃciency, LRE farms could not
replace sorghum by cowpea grain. Eventually, Reconﬁguration type 4
always increased farm gross margin.
All 11 farmers that participated in the exercise considered the farm
gross margin improvement to be a promising outcome. HRE-LH and
HRE farmers were concerned by the 5% average decrease in food self-
suﬃciency due to the penalty to maize grain in intercropping. MRE
farms were disappointed by the small absolute gross margin increase
from Reconﬁguration type 3 (184 US$ year−1), which could not allow
them to buy an ox (435 US$). Though farmers were disappointed, they
liked the exercise and mentioned that they learned how to plan cereal
production and sales to fulﬁl household needs (Table 2). Farmers ex-
pressed their concern about the limited availability of oxen that would
impede the cropland expansion of Reconﬁguration type 4 (Table 2).
Subsequently, researchers realized the importance of oxen availability
for crop activities and the need to assess oxen labour calendars to check
the feasibility of land expansion (Table 2).
3.3. Second cycle
3.3.1. Second cycle of step 2
During the ﬁeld day in 2014, farmers indicated that the soil type
and the previous crop in the rotation could explain yield variability in
the control plots (Table 2). The statistical analysis conﬁrmed farmers’
perception and showed that (i) maize, soyabean and groundnut grain
yields and maize partial Land Equivalent Ratio (pLER) in intercropping
were higher after cotton and maize (the fertilised crops) compared with
after sorghum or millet (the un-fertilised crops), (ii) sorghum and
soyabean grain yields and cowpea fodder yields were greater on black
soils compared with sandy and gravelly soils. Due to pest attacks,
cowpea grain yields were not aﬀected by soil type (see Falconnier et al.
(2016) for more detailed results). As a result, researchers deﬁned niches
based on soil type and previous crop (Table 2), where diversiﬁcation
with legumes without extra input yielded best results (Fig. 4). Without
fertiliser, soyabean gross margin was 110% greater than the gross
margin of the local sorghum variety without fertiliser (farmer practice)
on black soils, provided that the previous crop was cotton or maize,
whereas it was only 20% greater and 35% smaller on sandy and grav-
elly soils respectively (Fig. 4a). Conversely, cowpea gross margin was
only 41% greater than local sorghum gross margin on black soils
(Fig. 4b) but 140 and 86% greater on gravelly and sandy soils respec-
tively (regardless of the previous crop, which did not aﬀect cowpea
yields). Furthermore, the diﬀerence in grain yield between cowpea and
sorghum was smaller on gravelly and sandy soils compared with black
soils. Maize/cowpea intercropping after cotton and maize with the
additive pattern resulted in no maize grain yield penalty compared with
sole cropping (average maize pLER = 1.07) and extra fodder produc-
tion (1390 kg ha−1 on average, with cowpea pLER = 0.4) (Fig. 4c).
Most of the intensiﬁcation options on current crops and diversiﬁ-
cation crops had a Beneﬁt:Cost ratio less than two and/or a probability
of generating proﬁt of less than 0.5. However, the soybean option with
manure and P fertiliser, the cowpea option with P fertiliser and the
groundnut improved variety had Beneﬁt:Cost ratios higher than two
and probabilities of generating proﬁt larger than 0.5 (Fig. 5a). The in-
tercropping options with maize and cowpea showed large Beneﬁt:Cost
ratios and the probability of generating a proﬁt was always larger than
0.5 (Fig. 5b). Interestingly, farmers considered the entire range of
Beneﬁt:Cost ratios to decide on their treatment preference. When dis-
cussing the hybrid maize variety for example, farmers mentioned
“There are too many people who failed to generate proﬁt” and “There is
no point in buying improved seed if the beneﬁt achieved by the best
farmer is so low”. This discussion highlighted the fact that risk per-
ception was an important factor aﬀecting farmers’ choices. The niche
information that allows increasing the probability of a positive eﬀect of
an option was therefore integrated in the ex-ante analysis of Step 3
(Table 2).
Fig. 3. Grain (seed for cotton) yield (a) and gross margin (b) of farmers’ current crops (above the dashed line) and diversiﬁcation crops (below the dashed line) based on data from on-
farm testing in 2013 (ﬁrst cycle of Step 2) for maize, sorghum, cowpea and soyabean and CMDT measurements in farmers’ ﬁelds for cotton. In 2013, there were no trials on groundnut.
Black dots in a) are cowpea fodder yields. ap = additive pattern, sp = substitutive pattern. Number of observations in each case is indicated in parenthesis.
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3.3.2. Second cycle of step 3
The oxen-day requirement calendar showed that availability of oxen
was a limiting factor during sowing and weeding for all farm types.
Therefore the research team discarded the fourth reconﬁguration type
(cropland expansion) that had been proposed by farmers in Step 3 of
the ﬁrst cycle. Using the information on the niches identiﬁed during
Step 2 of the second cycle, the reﬁned reconﬁgurations included: maize
intercropped with cowpea only after cotton or maize (reﬁned
Reconﬁguration type 1), sorghum replaced by soyabean only on black
soils after cotton or maize (reﬁned Reconﬁguration type 2), and sor-
ghum replaced by cowpea only on sandy and gravelly soils (reﬁned
Reconﬁguration type 3). Ex ante analysis of the re-designed farm sys-
tems with the reﬁned reconﬁgurations suggested that without com-
promising food self-suﬃciency i) HRE-LH farms could intercrop all of
their maize after cotton with cowpea, allowing on average 93% of
lactating cows to be fed in the stall and leading to a 20% increase in
average whole farm gross margin (690 US$ year−1) (Fig. 6), ii) HRE
farms could intercrop all of their maize after cotton with cowpea, al-
lowing on average 92% of lactating cows to be fed in the stall and
leading to a 26% increase in average farm gross margin (453 US$
year−1) (Fig. 6), iii) MRE farms could replace 80% of sorghum on black
soils after cotton or maize by soyabean leading to a 29% increase in
farm gross margin (545 US$ year−1) (Fig. 7), iv) LRE farms could re-
place 20% of sorghum on sandy and gravelly soils by cowpea grain
variety, leading to a 9% increase in farm gross margin (32 US$ year−1)
(Fig. 7). Farmers’ evaluations of the re-designed farm system indicated
that the gross margin increase appeared signiﬁcant to them and that it
could be re-invested in the farm to buy mineral fertiliser and/or animals
(Table 2).
3.4. Learning processes and project reorientations
Famers’ reaction and point of view in the diﬀerent cycles and steps
complemented researchers’ ﬁndings and allowed project reorientation
(Table 2). Researchers’ understanding of farmers’ perception and of
farm system functioning increased in each successive cycle, resulting in
a reﬁned assessment of options and farm reconﬁgurations. Farmers’
learning was in the ﬁrst cycle linked to practical/technical considera-
tions (e.g. discovering new technical options, planning cereal sales). It
evolved in the second cycle from practical to more profound learning
Fig. 4. Average gross margin and crop grain yield of the local sorghum variety without fertiliser and soyabean without inputs (a) and the local sorghum variety without fertiliser and
cowpea without inputs (b) in diﬀerent conditions of soil type and previous crop, and maize and cowpea average pLER in maize cowpea intercropping according for diﬀerent previous
crops, intercropping patterns and cowpea varieties (c), based on data from on-farm testing in 2013 and 2014. The slopes of the gross margin lines correspond to the average grain (and
fodder for cowpea) yield multiplied by market price, while the intercept represents the sum of variable costs (i.e. seed). ap = additive pattern, sp = substitutive pattern. Plain black
arrows represent promising crop substitutions in a given niche (soil type, previous crop) to increase gross margin. Dotted arrows represent unpromising crop substitutions. The black
circle in c) represents a promising combination of pattern, variety and previous crop to produce fodder without a penalty to maize production.
Fig. 5. Average Beneﬁt:Cost ratio and probability to generate proﬁt for intensiﬁcation options for crops (a) and intercrops (b). The horizontal dotted line indicates a probability to
generate proﬁt of 0.5, the vertical dotted line indicates a Beneﬁt:Cost ratio of two. Bars indicate the standard error of the mean for Beneﬁt:Cost ratio.
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Fig. 6. Eﬀects of intercropping maize with cowpea after cotton or maize on selected farm performance indicators, resulting from the ex-ante trade-oﬀ analysis for High Resource Endowed
with Large Herds (HRE-LH) farms (n = 4) and High Resource Endowed (HRE) farms (n = 5). Vertical bars represent twice the standard error of the mean. The horizontal dashed line in
the “Food self-suﬃciency” plots represents the food self-suﬃciency threshold of one, meaning all household energy needs are provided by the household’s own cereal production.
Fig. 7. Eﬀects of replacing sorghum on se-
lected farm performance indicators, resulting
from the ex-ante trade-oﬀ analysis for Medium
Resource Endowed (MRE) farms (n = 2) and
Low Resource Endowed (LRE) farms (n = 4).
For MRE farms, sorghum is replaced by soya-
bean on black soils after cotton and maize, for
LRE farms sorghum is replaced by cowpea
grain variety on gravelly or sandy soils.
Vertical bars represent twice the standard error
of the mean. The horizontal dashed line in the
“Food self-suﬃciency” plots represents the
food self-suﬃciency threshold of one, meaning
all household energy needs are provided by the
household’s own cereal production.
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and allowed them to revise their initial assumption that farm gross
margin could not be increased without land expansion (Table 2).
4. Discussion
4.1. Research adaptation is a key feature of the DEED cycle
Performing two iterations of the DEED cycle allowed integrating
generated knowledge into the research process, thus enabling the agile
reorientation of project actions and increasing the chances to design
promising and relevant alternatives (López-Ridaura et al., 2002; Mierlo
et al., 2010; Rossing et al., 1997). In this research, farmers’ reaction and
point of view in the diﬀerent cycles and steps complemented re-
searchers’ ﬁndings, thus triggering project reorientation (Table 2). After
the ﬁrst cycle of on-farm trials, researchers did not perceive soyabean as
promising, because they relied on summary information such as
average yield and gross margin. Conversely, some farmers perceived it
as an opportunity and included it in the reconﬁguration of their farms,
because they relied on their impressions of high performing trials wit-
nessed during the farmer ﬁeld day (Table 2). This diﬀerent way of
understanding and interpreting ﬁeld experiments highlighted the dif-
ference in “world views” between farmers and researchers (Sumberg
et al., 2003). Also during the second cycle, farmers’ indigenous
knowledge and researchers’ statistical analysis complemented each
other, resulting in a shared and credible explanation for yield varia-
bility (Fig. 4).
The adaptive nature of our approach was a key element not only for
enabling convergent learning (Mierlo et al., 2010), but also for the
generation of promising designs, relevant for diﬀerent farm types.
During the ﬁrst DEED cycle, the farm reconﬁgurations with the options
chosen by farmers performed poorly in terms of either strong trade-oﬀs
between food self-suﬃciency and gross margin, or the marginal in-
crease in farm gross margin. These disappointing results were mainly
due to poor average yield and gross margin of some options (Fig. 3). As
such, the ﬁrst DEED cycle identiﬁed knowledge gaps and pinpointed to
the need for a better understanding of yield and gross margin varia-
bility. This realisation was crucial for the second cycle, in which the
farmer ﬁeld day and the analysis of trial results were reﬁned. The ex-
ante analysis was adapted, based on the incorporation of farmers’
knowledge and a context-speciﬁc representation of the performance of
options (Table 2). This led to more promising re-designed farm systems
after the second cycle (Figs. 6 and 7). While we did not measure ef-
fective adoption and implementation by farmers of the explored farm
reconﬁguration, we already witnessed examples of farmer to farmer
dissemination (Table 2).
4.2. Salient, legitimate and credible guidelines
The knowledge generated through our PLAR can be translated into
boundary objects, i.e. “methods of common communication across
dispersed work groups” (Star and Griesemer, 1989), because it can be
seen as a set of guidelines to inform the discussions between farmers
and extension workers. For a given farmer, this set of guidelines would
be based on: (i) the characterisation of the farm type based on simple
resource endowment indicators, e.g. household size, livestock, total
cropped land (Falconnier et al., 2015) (ii) the choice of an option sui-
table for that farm type, i.e. cowpea for LRE farms, soyabean for MRE
farms and maize/cowpea for HRE-LH and HRE farms, (iii) the identi-
ﬁcation of the niche where this option performs best, based on the local
knowledge of soil type and previous crops (Fig. 4) and (iv) setting the
maximum percentage of crop replacement without compromising food
self-suﬃciency.
For eﬀective translation of knowledge into action, boundary objects
must meet the saliency, credibility and legitimacy criteria (Cash et al.,
2003). Saliency was built up throughout our design process: the gen-
erated knowledge was based on farmers’ descriptions of constraints and
opportunities, exploration of farm reconﬁgurations imagined by
farmers, farmers’ understanding of yield variability, and farmers’ col-
lective appraisal of the re-designed farm systems (Table 2). Saliency
was further ensured by encompassing both crops and livestock activities
and thus representing the complexity of farmers’ management (Martin,
2015), and by taking into account risk.
The credibility of the generated knowledge was guaranteed by (i) a
robust research design, i.e. measurements in more than 340 trials
during two growing season, and (ii) the use of linear mixed eﬀect
models (Falconnier et al., 2016) to explain variability in crop yield and
to support the qualitative insights obtained through trial visits and
farmers’ appraisals.
Legitimacy was ensured by the participation of farmers with dif-
ferent resource endowment and production objectives, so that the di-
versity of farmers’ knowledge, interests and perspectives could be taken
into account. Farmers choice in terms of farm re-conﬁguration was
consistent within a given farm type, illustrating the fact that our ty-
pology, integrating food self-suﬃciency (Falconnier et al., 2015) and
livestock holding, was relevant to understand the choice made by
farmers. In Farmer Field Schools, experimentation is often done with an
existing farmer group within the community (de Jager et al., 2009), and
some types of households may be overlooked. In our approach, we
purposively invited LRE farmers to join the activities, as they were not
part of the existing community groups. Our approach combined in-
dividual actions (interviews, farm re-design exercises) with collective
ones (feedback and appraisal sessions). On the one hand, this allowed
for discussion and validation of individual farmers’ perceptions in wider
groups. On the other hand, with individual interviews we collected
information that shy farmers would not share in a wider assembly. This
combination however has limits as dominant personalities may inﬂu-
ence group responses and their views might be over-emphasized (Gill
et al., 2008).
By ensuring saliency, credibility and legitimacy, our study overcame
common pitfalls of top-down research, namely: a focus on better-oﬀ
farmers at the expense of the less endowed (Degnbol, 2001); the gen-
eration of simple and standardized technical recommendations (Okali
et al., 1994); and a lack of credibility (Van Asten et al., 2009).
4.3. Opportunities for scaling-out
In this section we describe how both the set of guidelines described
above and the cyclic approach can be scaled out.
The set of guidelines identiﬁed holds for an area broader than the
nine villages where it has been generated. The “old cotton basin”, an
area situated in the Sudanian agro-ecological zone (Coulibaly, 2003),
groups the districts of Koutiala and Dioila and the northern part of the
Sikasso district and comprises more than a million of rural people
(Traore et al., 2011). This area is characterized by cotton/cereal rota-
tion with use of manure and mineral fertiliser, draught power by oxen,
credit for inputs and guaranteed purchase of cotton by the CMDT
(Soumaré et al., 2008; Tumusiime et al., 2014). With a biophysical and
socio-economic environment similar to the nine study villages, the
guidelines generated could be applied throughout this “old cotton
basin”. The non-governmental organisation AMEDD was a key partner
in this research, and their involvement in extension activities oﬀers the
potential to expand the number of beneﬁciaries (Hellin et al., 2008;
Okali et al., 1994). This out-scaling potential can lead to a better cost-
eﬀectiveness compared with an approach that would produce knowl-
edge that is very site-speciﬁc and cannot be used by a larger number of
beneﬁciaries (Rusike et al., 2006; Snapp et al., 2002).
Furthermore, the approach of adaptive research cycles can be re-
produced with a diﬀerent set of options and/or in another environment.
Farmers’ understanding of yield variability could be incorporated from
the start of the experiments, thus allowing faster progress in the design
of successful alternatives. Similarly to other participatory approaches
(Defoer, 2002; Schaap et al., 2013), our approach can be scaled-out to
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facilitate learning by farmers, extension workers and researchers, and
oﬀers an alternative to the current linear and unidirectional (re-
searcher-extension-farmer) Transfer of Technology and Training and
Visits approaches in southern Mali (Degnbol, 2001; Heemskerk et al.,
2008). In order to realize this out-scaling potential, the role of the ex-
tension worker has to move from technology transfer to “problem sol-
ving” (Ramirez, 1997). In order to deliver a complex and nuanced
message adapted to the diﬀerent farm categories, extension workers are
likely to require capacity building to improve their interdisciplinary
skills (Cundill et al., 2012). Fragmentation of current extension services
adds to this challenge: e.g. CMDT extension oversees cotton-related
issues, but operates separately from livestock services (Degnbol, 2001;
Heemskerk et al., 2008), while interactions between the crop and li-
vestock components inﬂuence to a large extent the functioning of the
current farm systems.
4.4. Farm reconﬁguration for sustainable intensiﬁcation?
The farm reconﬁgurations inspired farmers to imagine “stepping
up” strategies (Dorward et al., 2009; Falconnier et al., 2015) over a
longer term. Farmers suggested that the extra income could be re-
invested to buy livestock and/or fertiliser (Table 2), highlighting the
opportunities to climb the livestock and agricultural intensiﬁcation
ladder (Aune and Bationo, 2008; Udo et al., 2011). Farm resource en-
dowment determines the achievable improvements: LRE farmers would
need to buy a donkey the ﬁrst year and a cart in the second year to carry
compost and fertilise crops, thus increasing yields and income, which
could be in turn used to buy a goat or a calf (Fig. 7). The other farm
types can climb the ladder faster as the income increase related to the
farm reconﬁgurations would allow them to buy a cow or an ox, without
endangering food self-suﬃciency (Figs. 6 and 7). This increase in stock
would have to go hand in hand with an increase in overall biomass
production to counter the increased pressure on feed resources like crop
residues (McDermott et al., 2010). Production of cowpea fodder and
stall feeding of lactating cows appears proﬁtable for HRE-LH and HRE
farms and can trigger positive feedbacks with the extra manure col-
lected in the stall (Fig. 6). Some farms without access to the identiﬁed
niches (e.g. dark soils) may however not be able to apply these “step-
ping up” strategies.
Constraints at the level beyond the farm currently prevent many
farmers for moving towards the innovative farm systems we assessed
and discussed with them. In what follows we highlight the necessary
changes to remove those barriers. The wide adoption of farm re-
conﬁgurations based on stall feeding is currently impeded by the poorly
developed milk sector. Broader institutional change would be needed to
improve the availability of cowpea seeds, reduce powder milk imports
in favour of local milk (Corniaux et al., 2012), and to develop roads and
infrastructure. Although diversiﬁcation with legumes oﬀers potential,
cotton remains a key feature of the current farming system. Access to
subsidised fertiliser for cotton and maize is guaranteed by the CMDT,
and the nutrients carried-over beneﬁt the following crops (Falconnier
et al., 2016; Ripoche et al., 2015). This carry-over is the backbone of the
niches identiﬁed for maize/cowpea intercropping and soyabean pro-
duction (Fig. 4) (Falconnier et al., 2016). As the maintenance of a
functional cotton sector is uncertain due to world price ﬂuctuations
(Coulibaly et al., 2015; Falconnier et al., 2015), the viability of the farm
reconﬁgurations depends on the development of sustainable alter-
natives. With a large Cost:Beneﬁt ratio and a low risk for farmers,
soyabean with manure and P fertiliser (Fig. 5) could partially replace
cotton as a cash crop at the start of the rotations. The increase in the
demand for livestock products in the cities in Mali and across West
Africa and the expected growth in urban poultry production (Amadou
et al., 2012) oﬀer opportunities for the development of a soyabean
value chain for poultry feed. Plausible futures can be explored using
scenarios that cover a range of socioeconomic and biophysical condi-
tions and can therefore inform decision-making and targeting of
agricultural development investments. Considering farm heterogeneity
and changes in entire farm populations is crucial in such scenario
analyses to identify and direct eﬀective eﬀorts towards sustainable in-
tensiﬁcation (Falconnier et al., submitted).
5. Conclusion
Over a period of three years researchers, development agents and
farmers experimented together a wide array of technical options related
to crops and livestock and explored farm reconﬁgurations with pro-
mising options. Two experimental cycles led to convergent learning and
project reorientation: farmers and researchers were able to share a
common understanding of yield variability based on local knowledge
and statistical analysis of the trials. The ﬁrst cycle revealed strong
trade-oﬀs between food self-suﬃciency and farm income and/or small
gross margin increases linked to diversiﬁcation with legume crops. The
knowledge generated during the second cycle allowed deﬁning niches
(i.e. particular biophysical conditions constituted by soil type and pre-
vious crop) for diversiﬁcation with legumes. Incorporating the niche
information in the ex-ante analysis during the second cycle allowed
alleviating some of the trade-oﬀs and achieving more promising farm
reconﬁgurations. These farm reconﬁgurations increased farm gross
margin without compromising food self-suﬃciency, based on simple
guidelines like farm type, soil type and position in the rotation. Local
NGOs and extension agencies can now use these simple guidelines to
reach a larger number of beneﬁciaries in areas with an environment
similar to the study villages. Further, the research approach is scalable
to other environments, where it can trigger learning among stake-
holders, and integration of farmers understanding at the very start of
the experiments can speed up the re-design process. The farm re-
conﬁgurations are promising pathways for both crop and livestock in-
tensiﬁcation and farms can ‘step up’ to higher levels of productivity.
Development of sustainable alternatives to cotton production with
stronger support to milk and soyabean production will be needed to
trigger adoption of these reconﬁgurations by a large number of farmers.
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